INTRODUCTION
Before commencing time-lapse (or 4D) seismic surveys, it is important to complete a feasibility study to determine if the time-lapse signal and noise are distinguishable. Acquisition parameters play a key role in repeatability (Lumley, 2001) , with the most important issue commonly regarded as sourcereceiver positioning errors (Calvert, 2005a) , which are largely due to uncontrolled streamer feathering (Eiken et al, 2003) . Time-lapse feasibility studies can include a variogram analysis (Misaghi et al., 2007; Calvert, 2005b) , which measures the effect of source-receiver geometry differences on observed non-repeatability of traces (Calvert, 2005b) . The overall trend of the variogram is strongly controlled by the characteristics of the overburden, a heterogeneous overburden results in a less repeatable seismic survey (Landrø, 1999) . Heterogeneity scales within the earth can range from fractions of a millimetre to hundreds of meters and the thickness and starting position, in depth, of heterogeneity may vary depending on the depositional and tectonic history of a geologic setting (Sato et al, 2012) . Heterogeneity is not always observable directly in conventional seismic velocity measurements and well log measurements are rarely taken in the overburden. Therefore relating characteristics of heterogeneity to a variogram may be useful for determining what kind of heterogeneity needs to be incorporated into realistic geological models for time-lapse feasibility studies.
Time-lapse seismic surveys are becoming more commonplace in the petroleum and CO 2 sequestration industries due to their business impacts (e.g. Koster et al, 2000) . Repeatability can be increased when a greater emphasis is placed on repeating shot points (Eggenberger et al, 2014) or when streamer feathering is removed from the system, through use of fixed geometry systems such as ocean bottom cable (OBC) or ocean bottom node (OBN). With the high costs associated with acquiring time-lapse seismic and the relative price difference between different acquisition methods, feasibility studies are imperative to determine which acquisition will provide a sufficient separation of time-lapse signal and noise. Some other factors that need to be taken into consideration in timelapse feasibility studies include rock physics models (e.g, incorporating fluid changes and pressure responses) and environmental factors (e.g. seasonal variations in water column temperatures, ocean currents and near-surface changes). Further details on considerations for time-lapse feasibility studies can be found in Calvert (2005b) and Lumley (2001) . Landrø (1999) demonstrated that a heterogeneous overburden has a strong impact on the repeatability using a variogram on VSP data. Then Calvert (2005b) parameterised the variogram as a function of source receiver positioning error in terms of incoherent noise, short range coherent signal and its corresponding coherency length. Hoeber et al (2006) generated synthetic models investigating the effect of dip on the variogram. We are unaware of any modelling investigating the influence of heterogeneity characteristics on NRMS variograms.
In this paper, we generate synthetic seismic data from velocity models with various combinations of overburden heterogeneity characteristics to determine if we can reproduce variograms that look similar to ones produced from real datasets. No incoherent noise is introduced into the models so that changes in the overburden are the only factors influencing the variogram trend. We change the velocity perturbation wavelength (size of the "blobs") and the position in depth of the heterogeneity and then relate these characteristics to the length of the coherent signal of a target reflector derived from the variograms.
METHOD SUMMARY
One of the aims of time-lapse seismic feasibility studies is to determine whether a desired time-lapse signal is distinguishable from incoherent noise. Acquisition parameters play a key role in repeatability, with sourcereceiver positioning errors commonly being regarded as the most important issue. A normalised root-mean-square (NRMS) variogram analysis measures the effect of source-receiver geometry differences on observed nonrepeatability of traces. The overall trend of the variogram is strongly controlled by the heterogeneous characteristics of the overburden. We investigate the influence of heterogeneity on seismic repeatability using a NRMS variogram on synthetic data. We generate synthetic seismic data (with no incoherent noise) from velocity models with a variety of overburden characteristics and run finite-difference simulations over them. Variograms are generated from the synthetic data and show similar trends to those observed in real seismic data. We demonstrate that the length of the coherent signal of a target reflector (derived from the variogram) is directly related to the size and position in depth of the heterogeneity.
A range of velocity model scenarios with different combinations of heterogeneity characteristics are created, including positioning in depth and the velocity perturbation wavelengths (or sizes). Over each of the velocity models we run constant density finite difference models and then use the synthetic data to generate NRMS variograms.
Velocity models
To generate heterogeneity with controlled 2D wavenumber spectra, the same set of random positive and negative numbers are filtered using a range of jinc functions. The jinc function is selected as the filter because its Hankel transform is a circle (Bracewell, 1965) , allowing a strong control on the heterogeneity's wavenumber and resulting in circular 2D wavenumber spectra. The jinc function is given by:
( 1) where is a Bessel function of the first kind and our argument , where is the high frequency wavenumber cut off (1/m) and d is the positioning of the function in space (m). We set to be equivalent to wavelengths of 10m, 20m, 50m, 100m, 150m, 200m and 250m. The RMS values of the distributions are then set to 50m/s.
The heterogeneity is added to a background 1D velocity model where the water bottom occurs at 200m and the target reflector at 2000m. There is a gentle velocity gradient with depth. The thickness of the heterogeneity remains at a constant 600m and the top and bottom of the heterogeneity is tapered to zero over 100m intervals using a Hanning Window to prevent "hard" boundaries. Many models are produced with the start depth of the heterogeneity ranging from 200-1200m and the wavelength of the velocity perturbations from 10-250m. Figure 1 shows an example of one of the velocity models, which has a velocity perturbation wavelength of 200m and a heterogeneity start depth at 200m. A homogeneous model is included as a control for non-overburden causes of NRMS differences which have not been accounted for, such as NMO stretch, spherical divergence etc. 
Finite difference modelling
We run a constant density finite-difference simulation over the velocity models. It is important to note that sufficient padding of heterogeneous model is required on the sides (to at least to the streamer length) so that the model isn't extrapolated homogeneously. A normal point source with a zero phase Ormsby wavelet (dominant frequency of 30Hz) is simulated, allowing reflective boundaries. Shot and receiver spacing is set to 12.5m and therefore the CDP spacing is 6.25m.
NRMS
A measurement of non-repeatability commonly used is NRMS (Kragh et al, 2002) , which may also be referred to as the normalised root-mean-square of the difference (NRMSD) (Stammeijer and Hatchell, 2014) . NRMS quantifies the likeness of two seismic traces and is defined as: (2) where T1 and T2 are the two seismic traces being compared within a time gate t. NRMS values are not intuitive or limited within the range of 0 to 1 (Kragh et al, 2002) . For example, an NRMS of 0 means the traces are exactly the same, >0.5 generally indicates no attempt at repeatability, 1.41 represents random noise and 2.0 anti-correlation (180º out of phase).
NRMS and variations of it are often made between traces of two different surveys (baseline and monitor/s) to measure the seismic 4D effects. However, in our case, we compare the NRMS of traces in the same CDP gather to measure the random noise, short range coherent signal and length of the short range coherent signal.
We compute the NRMS of pairs of traces in the same CDP gather using Equation 2 and allow time-shifts (Inderwiesen, 2012) of up to 20ms to find the optimal NRMS. Only CDPs where maximum fold has been reached are analysed. The maximum x allowed for trace pairs is 1000m and the maximum absolute offset analysed is 2500m. The NRMS is computed over the 2200-2300ms time window which surrounds the target reflection at 2000m. Calvert (2005b) related the NRMS between pairs of traces within a CDP gather to the shot and receiver positioning error variograms as:
Variograms
where x is the source receiver positioning error in meters (| | | | (it is important to note that this is not offset), N is the NRMS noise, Ss is the short range coherent signal, L is the short range coherent signal length and P determines whether Ss decays exponentially (P=1) or as a Gaussian bell function (P=2) as x approaches 0. Some things to note are; N determines the intercept at x=0, so our models all should have N values of zero (or very close to), Ss determines the coherent plateau level for large x and L determines how quickly the plateau is reached.
We run a least squares regression on the variograms for each CDP, fitting the data points using Equation 3, solving for the optimal N, Ss, L and P values.
DATA
An example of one of the variograms from the synthetic data is shown in Figure 2 . This variogram represents the data for the heterogeneity starting at 200m with velocity perturbation wavelengths of 200m. Overlain on the variogram are the mean average regression results from Equation 3. This variogram includes all the NRMS values from every CDP location across the synthetic survey. The variograms generated bare a strong resemblance to ones derived from real seismic data as seen in Misaghi et al (2007) and Calvert (2005b) . The individual regression results for each CDP position for the heterogeneity 200-800m models are shown in Figure 3 , the different coloured lines represent the different velocity perturbation wavelengths. The observed variations across the CDPs can be explained from a statistical standpoint. The smaller heterogeneities (λ=10-20m) are sampling uncorrelated points at each CDP positon, so the coherency length values appear more random and fluctuate at higher frequencies. As the heterogeneity's wavelength increases (up to λ=250m) the transition between CDPs coherency length becomes increasingly smooth and varies at a lower frequency, this is due to the samples points being correlated at greater distances to those surrounding it. The influence on changing the heterogeneity perturbation wavelength on coherency length is demonstrated in Figure 4 . The perturbation wavelength is on the x axis and the mean coherency length on the y axis. The error bars indicate the standard deviation of the results. The different coloured lines represent equal heterogeneity starting depths. For perturbation wavelengths greater than 100m, the signals coherency length increases linearly with increasing perturbation wavelength; it also increases as the depth of the inhomogeneity increases. At the smaller wavelength perturbation sizes the trends are not so consistent. This is likely to be occurring because of the seismic wavelength being unable to resolve or "see" the small wavelength features and treating the heterogeneity as an effective medium (Mukerji et al, 1995) .
The influence on changing the heterogeneity depth on the targets short-range coherency length is demonstrated in Figure  5 . The starting depth of the heterogeneity is on the x axis and the mean average coherency length on the y axis. The error bars indicate the standard deviations of the results. The different coloured lines represent equal heterogeneity sizes. All of the different heterogeneity wavelengths follow a similar trend, apart from λ=10m, where the likely explanation, as mentioned previously, is the heterogeneity being treated as an effective medium. 
DISCUSSION
A very simplified explanation for the trends observed in Figures 4 and 5 (which does not incorporate the thickness of the heterogeneity), is to relate the heterogeneity size and depth relate to the expected "shadow" the heterogeneity will cast at the surface from the reflector of interest using: (4) where b is the shadow length (m), x the size of the heterogeneity in the x direction (m), a the depth of the heterogeneity (m), and z the target depth (in our case, 2000m). Schematic diagrams showing the effect of increasing the heterogeneity size and then changing the heterogeneity depth are shown in Figure 6 . The left plot in Figure 7 demonstrates the "shadow" effect of increasing heterogeneity size for different depths, note the similarity in trends to Figure 4 for heterogeneity sizes >100m. The right plot in Figure 7 demonstrates the "shadow" effect of increasing heterogeneity depth for difference heterogeneity sizes; note the similarity in trends to Figure 5 for larger heterogeneity sizes. 
CONCLUSIONS
We were able to generate variograms from synthetic data that bare strong resemblances to ones that are observed in real seismic datasets. In our models, only the overburden heterogeneity was modified (no incoherent noise was added), demonstrating that overburden heterogeneity has a strong control on the coherent signal and its coherency length of a reflector at depth. Our work also highlighted the importance of including many CDPs in a variogram analysis, as regression results of short-range coherency length can vary greatly across a line. We have also shown that the short range coherent signal of a target reflector is strongly related to the position in depth and also the size of the overburden heterogeneity, we explained this intuitively using a shadow model.
